In soilless culture, control of nutrient solution is very important for production of the high quality tomato fruits. The control will be efficient by taking the information of internal properties of growing fruits into account.
Faculty of Agriculture, Kochi University, Nankoku 783-8502, Japan (Received May 6, 2004) In soilless culture, control of nutrient solution is very important for production of the high quality tomato fruits. The control will be efficient by taking the information of internal properties of growing fruits into account. Therefore, nondestructive measurement method for these properties is highly required.
Nondestructive near infrared (NIR) methods have already been used effectively in many crops such as mango, apple, peach, however, no studies have been reported on growing tomato fruit. In addition, tomato fruit has a great variation in internal structure that consists of flesh and pulp. It causes ununiformity in texture and chemical compositions within a fruit and hence significantly affects NIR spectra. Therefore, specially assembled NIR instrument is required for accurate nondestructive determination of constituents in the fruit. Three halogen lamps as a light source of the instrument illuminated almost the whole fruit surface from the upper side. Then the spectrum of transmitted light through the bottom of the sample was measured by spectrometer. The performance of this instrument was investigated by developing calibration model for determination of the soluble solids content (SSC) in the whole fruit from the spectrum. This method successfully determined the SSC of tomato fruits with correlation coefficient between predicted and actual values (r) of 0.91, standard error of performance (SEP) of 0.73%, and bias of 0.17%. Cultivation management of tomato in soilless culture, particularly controlling of nutrient solution condition is needed for fruit quality improvement. Based on preliminary work in conducted with property changes of growing tomato fruit, soluble solids content (SSC) of ripe tomato fruit were closely related to immature one (Khuriyati et al., 2003) . The immature fruit with the low SSC still had the low SSC when it was ripen, and conversely. Consequently, bio-information about actual status of quality of growing tomato fruits is required in routine control of nutrient solution. However, tomato quality, particularly internal properties, is not easy to quantify without laboratory facilities and is almost always destructively. Hence, nondestructive and rapid technique would be highly desirable. matter of a number of fruit and vegetable products including cantaloupe (Dull et al., 1989) , citrus (Kawano et al., 1993) , peach and nectarine (Slaughter, 1995) , apple (Ventura et al., 1998) , kiwifruit (Schaare and Martinsen, 1998) , and mango (Saranwong et al., 2003) . The potential of NIR spectroscopy as a nondestructive measurement technique was also evaluated for measuring texture parameter such as firmness of Jonagold apple (Lammertyn et al., 1998) and mango (Schilovitch et al., 2000) . Tomato fruits are composed of flesh (pericarp walls and skin) and pulp (placenta and locular tissue including seeds) (Ho and Hewitt, 1986) . The pericarp portion of tomato fruit contains more reducing sugars and less organic acid than the locular portion. In addition, the texture of pericarp, Jocular, and seeds vary substantially. Most of the other agriculture products mentioned above have internal tissue with more or less uniform texture and, as a consequence, variation in NIR scattering by the tissue in these products may be more uniform than in tomatoes (Slaughter et al., 1996) . Slaughter et al. (1996) used a fiber optic interactance probe interfaced with a commercial NIR spectrometer (model 6500; NIR System, Silver Spring, Md.) to develop a technique for estimating SSC in fresh market tomato. They used an average of 250 scans to get one spectrum from four equatorial locations to develop the calibration.
At the scanning rate of 1.8 scans s-1 for this particular instrument, it thus takes nearly 10 min to scan a single fruit. Rapid determination is however required for practical application.
So far, no studies have been reported on using nondestructive method for measuring internal properties of growing tomato fruits.
Based on the successful uses of NIR method, our objective was to develop a specially NIR instrument for nondestructive determination of SSC in tomato fruits from immature to fully ripe stage. Spectral acquisition. A commercially available NIR spectrometer (MMSI ; Zeiss, Germany) was modified to measure a spectrum of the whole tomato samples. The specially assembled NIR instrument was shown in Fig. 1 . The instrument consisted of spectrometer, three lamps, fiber optics, and computer. To measure NIR spectrum, transmittance method was employed. The surface of the sample was illuminated with three halogen lamps (60 W/ each) from upper side. The transmitted light through the bottom of the sample was measured with the spectrometer via the fiber optics (0.5 mm diameter bundle containing 30 individual fibers). The light reached to the spectrometer was measured with the silicon diode array (256 pixels) which covered the wavelength region from 305 to 1,150 nm (spectral distance of pixel 3.3 nm). The NIR spectra were measured at the condition of 60 ms for gate time (measuring time per scan). The spectrum for each sample was the average of 50 scans. A standard reference (1.5 mm thick ceramic plate) measurement was made every time prior to a sample measurement. A cushion made of sponge was pasted on the surface of the sample holder and all measurements were done in the box covered with a black curtain to shield the stray light. A transmittance (T) was calculated as the following formula by comparing NIR energy transmitted through the sample with that through the standard reference : NIR spectra of whole tomatoes The absorbance spectra of three fruits having low (6.6%), middle (8.3%), and high (10.4%) Vol. 42, No. 3 (2004) (59)219 SSC measured by a specially assembled NIR instrument are shown in Fig . 2(a) . No obvious difference was seen in the shape of these spectra due to the differences in the SSC content of fruit. Figure 2(b) shows the result of the second derivative processing of spectra , the spectra processing which removes the baseline shifts and resolves overlapping absorption bands (Hruscchka, 1987) . Figure 2 (b) shows how subtle differences in the absorbance spectra of Fig. 2(a) are amplified by the second derivative processing which enhanced the variation in spectral data in the wavelength region studied. These differences are the basis for the quantitative determination of SSC in tomato fruit. As for the spectral analysis, spectra from 700 to 960 nm were used because of noise in the spectra more than 960 nm .
Calibration and validation PLS calculations were carried out using the smoothing and second derivative NIR spectra . For those spectra data, different calibration models were calculated depending on the wavelength region and the number of factors taken into consideration . The calibration and validation results are shown in Table 2 . It is desirable that a model has a low error of calibration, with as few as factors as possible to avoid the modeling of signal noise . Performed calibration model using the second derivative spectra from 800 to 900 nm gave the highest correlation coefficient between predicted and actual values (r=0 .91), relatively low number of factor (5), a low standard error of calibration (SEC =0 .70), a low standard error of performance (SEP=0.73) and a small difference between SEP and SEC , a low bias (0.17). The 220 (60) Environ.
Control in Biol. other statistic used was the ratio of standard error of performance to standard deviation (RPD) which relatively high (2.35). If the SEP value is similar to the standard deviation (SD) of the original data, the instrument is not predicting the values any better than the original data, then the RPD should be as high as possible (Williams, 1987) . Based on the criteria above, this model was chosen as the best calibration model for determination SSC in tomato fruits from immature stage to fully ripe stage. In order to know the structure of the best PLS calibration model, the regression coefficient was plotted against the wavelength (Fig. 3) . Dominant regression coefficient peaks were observed at 820, 830, 849, and 884 nm. The wavelength 884 nm corresponds with the absorbance band due to carbohydrate (Williams and Norris, 1987) and carbohydrate in many forms such as starch, sucrose, fructose, and glucose is the major component of SSC in tomato fruit (Ho and Hewitt, 1986 ). This wavelength is also close to those reported by other researchers working on fruit and vegetable quality assessment using NIR methods. The PLS calibration model for determining mango SSC by Saranwong et al. (2003) resulted the wavelength 878 was important role in wavelength region from 850 to 1,000 nm. Dull et al.
(1992) had selected optimum wavelengths at 884 nm and 913 nm in their multiple linear regression model to predict SSC in melons. Scatter plot between actual and predicted SSC of the validation sample set is shown in Fig. 4 
